animal pole regions ("animal caps") to assess the abilities of the tagged proteins to activate the genes family member Xnr2 is secreted efficiently from embryonic cells, and a new method of tissue recombination Brachyury (Xbra), Derriè re (Der), and Goosecoid (Gsc). In both assays, the EGFP-tagged forms of activin and allows us to investigate the way in which the morphogen traverses multiple cell diameters. This reveals that Derriè re proved to be significantly less active than the parent proteins (data not shown). However, the activities Xnr2 exerts long-range effects by diffusing rapidly through the extracellular milieu of nonexpressing of EGFP-tagged versions of Xnr2 resemble those of the parent proteins. Thus, similar concentrations of Xnr2 cells. No evidence has been obtained for long-range signaling through cytonemes, filopodia, argosomes, and EGFP-Xnr2 are required both to activate the concentration-dependent expression of Xbra, Derriè re, and or transcytosis. In demonstrating that long-range signaling in the early Xenopus embryo occurs by diffusion Gsc in animal caps ( Figure 2B ) and to disrupt early development ( Figures 2C-2E) . Similarly, although the presrather than by these alternative routes, our results suggest that different morphogens in different develence of a C-terminal HA tag reduces the specific activity of Xnr2, the inclusion of an EGFP moiety has no addiopmental contexts use different means of transport. tional effect (data not shown stage ( Figures 3F-3I ). As observed in the animal cap Although substantial quantities of Xnr2 and EGFPjuxtaposition experiments, both Xnr2 and EGFP-Xnr2 Xnr2 are secreted into the blastocoel, enough active exerted long-range effects, whereas constitutively acmaterial remains in the immediate extracellular milieu tive ALK4 behaved in a cell-autonomous manner. to disrupt normal development ( Figures 2D and 2E) . The
stage [8], and RT-PCR allows the detection of low levels ous work provides conflicting views about the long of maternal transcripts (P.H.W. and J.C.S., unpublished range signaling ability of Xnr2, with some groups asdata). The early expression of Xnr2 and its potent induc-
serting that the molecule acts essentially cell-autonoing activity are consistent with the idea that it acts as mously and others concluding that it can act at a disa mesoderm-inducing factor, and indeed inhibition of all tance [12, [20] [21] [22] . In the present work, both Xnr2 and nodal-related signaling in the Xenopus embryo prevents EGFP-Xnr2 proved to exhibit long-range activity. In one mesoderm formation [18] . To confirm that tagged verseries of experiments, lineage-labeled animal caps exsions of Xnr2 are correctly processed and secreted in pressing Xnr2, EGFP-Xnr2, or a constitutively active the Xenopus embryo, we analyzed embryo extracts and form of the type I activin receptor ALK4 [23] were juxtablastocoelic fluid from control and injected embryos by posed with a control animal cap. The conjugates were Western blotting ( Figure 3A ). Our results demonstrate cultured for 3 hr, fixed, and processed by in situ hybridthat Xnr2-HA and EGFP-Xnr2-HA are correctly proization for expression of Xbra and by immunocytochemcessed and secreted, and the presence of large amounts istry to visualize fluorescein lysine dextran (FLDx). In of processed ligand in the blastocoels of injected emthese experiments, Xnr2 and EGFP-Xnr2 proved to inbryos, when it is compared with levels of the pro-protein, duce the target gene Xbra in nonexpressing tissue over suggests that they are highly diffusible. Similar results a range of up to 12 cell diameters ( Figure 3B-3D ). Animal were obtained when RNA injections were directed specaps expressing constitutively active ALK4 did not acticifically to the vegetal hemisphere of the embryo, when vate Xbra expression in adjacent tissue ( Figure 3E ), armost of the mature form of the Xnr2-HA protein is still guing that the effects of Xnr2 and EGFP-Xnr2 are direct. found in the blastocoel, as judged by the protein's disapTo address the possibility that wounding or other efpearance when the blastocoel roof is opened. The same fects influence the long-range action of Xnr2 in these is true of EGFP-Xnr2-HA, although more of this larger experiments, we created clones of Xnr2-expressing protein remains associated with the embryo (see Figure  cells in the animal hemispheres of intact Xenopus em-S1 in the Supplemental Data available with this article bryos by injecting individual blastomeres at the 64 cell online).
stage ( Figures 3F-3I ). As observed in the animal cap Although substantial quantities of Xnr2 and EGFPjuxtaposition experiments, both Xnr2 and EGFP-Xnr2 Xnr2 are secreted into the blastocoel, enough active exerted long-range effects, whereas constitutively acmaterial remains in the immediate extracellular milieu tive ALK4 behaved in a cell-autonomous manner. to disrupt normal development ( Figures 2D and 2E) . The
We do not understand why the apparent signaling secretion of nodal-related proteins into the blastocoel range of Xnr2 should vary in different experiments and is unlikely to represent the route by which these proteins experimental regimes; it may depend on the RNA exexert their inductive effect during normal development, pression vector or on the detailed timing of the experifor if this were so, the animal cap would be induced to ments. This issue is under investigation. form mesoderm. Indeed, there is evidence that such a route is precluded by the presence of an intrablastocoeVisualizing Long-Range Signaling lic inhibitor of mesoderm induction [19] .
To visualize the long-range movement of EGFP-Xnr2, we devised a method in which juxtaposed animal pole Long-Range Effects of Xnr2 regions were allowed to adhere to a fibronectin-coated To conform to the properties of a morphogen, a ligand must be able to induce target genes at long range. Previcoverslip and thereby heal at one edge only ( Figure 4A ). tosis has been implicated in TGF-␤ signaling in other amounts of intracellular fluorescence in receiving cells were observed, and it is possible that this represents systems [25] , and its role in early Xenopus development deserves further study.
receptor bound ligand that is internalized in the course of signaling. It is also possible that degradation of endoWe next investigated in detail whether transcytosis plays a role in the transport of EGFP-Xnr2; we juxtacytosed ligand acts as a mechanism for controlling the slope of a gradient of Xnr2. Indeed, differential degradaposed animal caps expressing tagged ligand with caps expressing CFP-GPI. If ligand were being passed from tion in adjacent compartments in the Drosophila embryo causes Wingless signaling to occur in an asymmetric cell to cell via the endocytic machinery, much of the EGFP-Xnr2 within receiving tissue would be found within manner [27] . We note that our inability to observe argosomes or cells bounded by the CFP-GPI marker. We note that ligand might not be associated with CFP-GPI within transcytotic vesicles is unlikely to be due to the limited depth (three-quarters of a cell) to which the confocal recipient cells because this marker associates with lipidrich domains involved in the degradative pathway [26] . 
